, a contemporary congener produced as a byproduct of current pigment production processes, has recently emerged as a prevalent worldwide pollutant. We recently demonstrated that exposure to PCB 11 increases dendritic arborization in vitro, but the mechanism(s) mediating this effect remain unknown. To address this data gap, primary cortical neuron-glia co-cultures derived from neonatal Sprague-Dawley rats were exposed for 48 h to either vehicle (0.1% DMSO) or PCB 11 at concentrations ranging from 1 fM to 1 nM in the absence or presence of pharmacologic antagonists of established molecular targets of higher chlorinated PCBs. Reporter cell lines were used to test activity of PCB 11 at the aryl hydrocarbon receptor (AhR) and thyroid hormone receptor (THR). PCB 11 lacked activity at the AhR and THR, and antagonism of these receptors had no effect on the dendrite-promoting activity of PCB 11. Pharmacologic antagonism of various calcium channels or treatment with antioxidants also did not alter PCB 11-induced dendritic arborization. In contrast, pharmacologic blockade or shRNA knockdown of cAMP response element-binding protein (CREB) significantly decreased dendritic growth in PCB 11-exposed cultures, suggesting PCB 11 promotes dendritic growth via CREB-mediated mechanisms. Since CREB signaling is crucial for normal neurodevelopment, and perturbations of CREB signaling have been associated with neurodevelopmental disorders, our findings suggest that this contemporary pollutant poses a threat to the developing brain, particularly in individuals with heritable mutations that promote CREB signaling.
Introduction
Polychlorinated biphenyls (PCBs) are a class of persistent organic pollutants that are widely considered to be developmental neurotoxicants (Boucher et al. 2009; Schantz et al. 2003) . Despite a worldwide ban on their production since the early 2000s, PCBs are still widely detected in various environmental media (Ampleman et al. 2015; Herrick et al. 2004; Robson et al. 2010) , including the human food chain Cimenci et al. 2013; Llobet et al. 2003) , and there has been little to no decrease in human body burdens over the past two decades (Consonni et al. 2012; Dewailly et al. 1999; Hopf et al. 2009; Koh et al. 2015) . Developmental neurotoxicity remains the primary endpoint of concern for PCBs (Berghuis et al. 2015; Schantz et al. 2003) , and recent epidemiologic data identify PCBs as risk factors for neurodevelopmental disorders (NDDs) (CheslackPostava et al. 2013; Lyall et al. 2016; Rosenquist et al. 2017; Sagiv et al. 2010; Sealey et al. 2016; Ye et al. 2017) . At the cellular level, legacy PCBs have been shown to alter neuronal connectivity by increasing dendritic growth both in vitro (Wayman et al. 2012a; Yang et al. 2014 ) and in vivo (Lein et al. 2007; Wayman et al. 2012b; Yang et al. 2009 ). These effects on dendritic growth are postulated to contribute to the behavioral deficits associated with developmental exposure to PCBs because altered dendritic morphology is a commonly shared pathology of many neurodevelopmental disorders (NDDs), including autism spectrum disorder (ASD) (Copf 2016) .
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processes (Guo et al. 2014; Hu and Hornbuckle 2010) . Although PCB 11 has been detected in our environment for the past century (Hu et al. 2011) , it has gained recent attention following reports of its presence in environmental media around the world (Du et al. 2008; Heo et al. 2014; Hu et al. 2008; King et al. 2002) , in milk produced for human consumption in northern California , and in the serum of mothers and their children in various regions of the United States (Koh et al. 2015; Sethi et al. 2017) . We previously demonstrated that PCB 11 promotes dendritic arborization in primary rat cortical and hippocampal neurons at concentrations comparable to levels found in the serum of pregnant women at risk for having a child diagnosed with a NDD . However, the mechanism(s) underlying this effect remain unknown. To address this data gap, we investigated a role for known molecular targets of higher chlorinated PCBs in PCB 11-induced dendritic growth. The aryl hydrocarbon receptor (AhR) is activated by a number of PCB congeners (Glazer et al. 2016; Vondracek et al. 2005) , and has been implicated in dendritic development both in vitro (Dever et al. 2016 ) and in vivo (Kimura et al. 2015) . Thyroid hormone (TH) promotes dendritic growth in Purkinje cells (Hatsukano et al. 2017; Ibhazehiebo and Koibuchi 2012) , and TH receptor (THR) function can be positively modulated by PCBs (Zoeller 2007; Zoeller et al. 2000) . Reactive oxygen species (ROS) have also been identified as signaling molecules involved in dendritic outgrowth (Chandrasekaran et al. 2015 ; Olguin-Albuerne and Moran 2017), and PCBs have been shown to increase ROS both in vitro (Howard et al. 2003) and in vivo (Lee et al. 2012) . Multiple receptors involved in Ca 2+ signaling were also investigated because of the essential role Ca 2+ plays in activity-dependent dendritic growth (Brini et al. 2014; Wayman et al. 2006) . Moreover, a number of non-dioxin-like (NDL) PCBs are potent sensitizers of the ryanodine receptor (RyR), and this molecular interaction has been causally linked to dendritic growth via activation of Ca 2+ -dependent signaling pathways that activate cAMP response element-binding protein (CREB) (Wayman et al. 2012a, b; Yang et al. 2014) .
Here, we report that PCB 11 has no activity at the AhR or THR in reporter cell lines, and pharmacological antagonism of these receptors or of various calcium ion channels has no significant effect on PCB 11-induced dendritic growth in primary cortical neurons. Antioxidant treatment also did not alter dendritic arborization in PCB 11-exposed neurons. However, the dendrite-promoting activity of PCB 11 was blocked by pharmacologic inhibition of CREB signaling or by genetic knockdown of CREB. These results indicate that PCB 11 increases dendritic arborization via CREBdependent mechanism(s) independent of interactions with established molecular targets of legacy PCBs. PCB 11 (3,3ʹ-dichlorobiphenyl, CAS # 2050-67-1) was synthesized by Dr. Hans-Joachim Lehmler (The University of Iowa, Iowa City, IA, USA) and confirmed to be > 99% pure as determined by 1 H NMR, 13 C NMR, and GC-MS ). Map2B-pCAG-fusion protein red (FusRed) and short-hairpin cAMP response elementbinding (shCREB) cDNA constructs were generous gifts from Dr. Gary Wayman (University of Washington, Pullman, WA) and have been previously characterized (Wayman et al. 2006) . Scrambled shRNA control was purchased from Santa Cruz Biotechnology (Santa Cruz Biotechnology Inc., Dallas, TX). FLA 365 (Chen et al. 2016 ) and NH3 
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Materials
Luciferase assays
GH3.TRE-Luc cells (Freitas et al. 2011 ) were plated at a density of 150,000 cells/well in 24-well cell culture plates (Thermo Scientific) in DMEM-F12 (Thermo Scientific) supplemented with 10% fetal bovine serum (Thermo Scientific). After 24 h, cultures were rinsed with phosphatebuffered saline (PBS) and 0.5 ml of PCM, a serum-free medium (Sirbasku et al. 1991) , was added. After a 24 h incubation in PCM, media were changed to PCM with PCB 11 or vehicle (0.1% DMSO). After a 24 h exposure, cultures were washed with PBS, lysed with 100 µl of Reporter Lysis Buffer (Promega, Madison, WI), and immediately frozen at −80 °C. For analysis, 5 µl of thawed lysate was combined with 20 µl of luciferase assay reagent (Promega). Luciferase activity was measured in a Synergy H1 hybrid microplate reader (BioTek Instruments, Winooski, VT, USA), and normalized to protein concentrations measured using a BCA assay kit (Thermo Scientific). Each assay was performed in duplicate and repeated using five-six independent cell preparations. All assays were performed using cells within passage number four-ten.
Recombinant mouse (H1L6.1c3), rat (H4L1.1c4) and human (HG2L6.1c1) hepatoma cells, which contain the stably transfected enhanced AhR-responsive reporter gene plasmid pGudLuc6.1 (Brennan et al. 2015; Han et al. 2004) , were plated at a density of 750,000 cells/well into white, clear-bottomed 96-well plates and incubated at 37 °C for 24 h prior to chemical treatment. Cells were then incubated for 24 h with vehicle (1% DMSO), TCDD (1 nM), or PCB 11 (1 or 10 µM). After incubation, cultures were visually inspected for signs of toxicity, then washed with PBS and lysed in 50 µl of Promega passive lysis buffer for 20 min at room temperature with shaking. Luciferase activity in each well was measured following automatic injection of Promega-stabilized luciferase reagent in a Berthold microplate luminometer (Berthold Technologies, Bad Wildbad, Germany). Luciferase activity in each well was expressed relative to that maximally induced by TCDD. Luciferase activity was corrected for background luciferase activity present in DMSO-treated cells and values expressed as relative light units (RLU). Each assay was repeated three-four times independently. All assays were performed using cells below passage number 20.
Primary rat cortical cell culture
All procedures involving animals were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals following protocols approved by the University of California, Davis Institutional Animal Care and Use Committee. Timed-pregnant Sprague-Dawley rats were purchased from Charles River Laboratory (Hollister, CA, USA). All animals were housed in clear plastic shoebox cages containing corn cob bedding under constant temperature (22 ± 2 °C) and a 12 h light-dark cycle. Food and water were provided ad libitum.
Primary cortical neuron-glia co-cultures were prepared from postnatal day 0 rat pups as previously described Wayman et al. 2012a) . Neocortices from all pups in the litter were pooled, dissociated and plated at 83,000 cells/cm 2 on glass coverslips (BellCo, Vineland, NJ) precoated with 0.5 mg/ml poly-l-lysine (Sigma-Aldrich) and maintained in a 5% CO 2 humidified incubator at 37 °C in NeuralQ Basal Medium supplemented with 2% GS21 (MTIGlobalStem, Gaithersburg, MD) and GlutaMAX (ThermoScientific, Waltham, MA). At 4 days in vitro (DIV), cultures were treated with cytosine β-D-arabinofuranoside (SigmaAldrich) at 2.5 µM to limit glial growth. At 7 DIV, cultures were exposed for 48 h to vehicle (DMSO; 1:1000 dilution), 1 femtomolar (fM), 1 picomolar (pM) or 1 nanomolar (nM) of PCB 11 in the absence or presence of various pharmacologic antagonists. Pharmacological antagonists were added 30 min prior to addition of PCB 11. All chemicals were diluted from 1000× stocks directly into the culture medium. At the end of the exposure period, cultures were fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS.
Morphometric analyses of dendritic arborization
To visualize dendrites, cortical cultures were transfected with a Map2B-pCAG-FusRed plasmid at 6 DIV using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Previous studies have demonstrated that expression of this construct does not alter dendritic growth of primary rat neurons (Wayman et al. 2006) . A subset of cultures was co-transfected with a shCREB construct or a scrambled shRNA control. Images of FusRedpositive neurons were acquired using unbiased automated image acquisition software (Metaxpress Version 5.3.0.5, Molecular Devices, Sunnyvale, CA, USA) interfaced to a ImageExpressXL high-content imaging system (Molecular Devices). Neurons were chosen for analysis using previously described criteria . Dendritic arborization was quantified manually by counting the number of dendritic tips and primary dendrites per neuron. All morphometric analyses of dendritic arborization were performed by an experienced individual blinded to experimental group.
Statistical analyses
Data were assessed for normality using the Shapiro-Wilks test using GraphPad Prism v 6.07 (San Diego, CA, USA). Normal data were analyzed using a parametric one-way analysis of variance (ANOVA) with significance set at p ≤ 0.05. Differences between groups were identified by post hoc Holm-Sidak's multiple comparisons test.
Results
Neither AhR nor THR signaling are necessary for PCB 11-induced dendritic growth
The AhR is a primary molecular target of dioxin-like PCBs (Vondracek et al. 2005) , but there are no data regarding PCB 11 activity at this receptor. As determined using AhR reporter hepatoma cell lines, PCB 11 had no activity at the human, rat, or mouse AhR (Fig. 1b-d) . To ensure that AhR activity was not mediating the dendrite-promoting effects of PCB 11, neurons were exposed to PCB 11 in the absence or presence of the AhR antagonist, CH223191, at 10 µM (Kim et al. 2006) . Consistent with previous work , PCB 11 had no effect on the number of primary dendrites (data not shown) but did significantly enhance dendritic arborization at 1 fM, 1 pM, and 1 nM, as evidenced by an increased number of dendritic tips per 1 3 neuron in cultures exposed to PCB 11 relative to sister cultures exposed to vehicle alone (Fig. 1a, e) . CH223191 did not block this dendrite-promoting activity of PCB 11 (Fig. 1a, e) . Altered THR signaling is widely posited to mediate the neurotoxic effects of various PCBs (Zoeller 2007) , so a luciferase-based THR reporter cell line (Freitas et al. 2011 ) was used to assess the THR activity of PCB 11. PCB 11 was Fig. 1 PCB 11 does not activate the aryl hydrocarbon receptor (AhR) and antagonism of the AhR does not attenuate the dendrite-promoting activity of PCB 11. a Representative photomicrographs of DIV 9 cortical neurons exposed to the AhR antagonist, CH223191 (10 µM), or PCB 11 (1 pM), singly or in combination. b-d PCB 11 does not agonize the human, mouse or rat AhR. e Quantification of the number of dendritic tips per neuron in cortical neurons exposed to vehicle (Veh, 0.1% DMSO) or varying concentrations of PCB 11 in the absence or presence of CH223191. Data presented as the mean ± SD (n = 6 wells from two independent dissections). *Significantly different from vehicle control at p < 0.05 as determined using a parametric one-way ANOVA (p < 0.05) followed by Holm-Sidak's multiple comparison test Fig. 2 PCB 11 has no agonistic activity at the thyroid hormone receptor (THR) and THR antagonism does not block the dendritic effects of PCB 11. a Representative photomicrographs of DIV 9 cortical neurons exposed to the THR antagonist, NH3 (100 pM), or PCB 11 (1 pM), singly or in combination. b PCB 11 does not agonize the THR in a rat pituitary THR reporter cell line. c Quantification of the number of dendritic tips per neuron in cortical neurons exposed to vehicle (Veh, 0.1% DMSO) or varying concentrations of PCB 11 in the absence or presence of NH3. Data presented as the mean ± SD (n = 6 wells from two independent dissections). *Significantly different from vehicle control at p < 0.05 as determined using a parametric one-way ANOVA (p < 0.05) followed by Holm-Sidak's multiple comparisons test not active at the THR in the GH3.TRE cell line (Fig. 2b) . To confirm that THR signaling was not involved in PCB 11-induced dendritic arborization, cortical cultures were exposed to PCB 11 in the absence or presence of the THR antagonist, NH3 . At 100 pM, a concentration identified to inhibit upregulation of TH-responsive genes in cortical cultures exposed to a physiologically relevant concentration of T3 (Supplemental Figure S1) , NH3 had no effect on PCB 11-induced dendritic growth (Fig. 2a,  c) . Neither PCB 11 nor NH3 changed the number of primary dendrites when applied singly or in combination (data not shown).
The dendrite-promoting activity of PCB 11 is not mediated by Ca 2+ or ROS-dependent mechanisms
Calcium is a critical signaling molecule during neurodevelopment, and NDL PCBs have been shown to alter dendritic arborization via Ca 2+ -dependent mechanisms (Wayman et al. 2012a ). To test whether PCB 11 effects on dendritic growth were due to increased levels of intracellular Ca 2+ , we blocked Ca 2+ ion channels using pharmacologic antagonists of the L-type calcium channel, IP 3 receptor (IP 3 R) and ryanodine receptor (RyR). At a concentration previously shown to block PCB 95-induced dendritic growth in primary rat neurons (Wayman et al. 2012b) , the RyR antagonist, FLA365 (10 µM), had minimal effect on PCB 11-induced dendritic growth (Fig. 3a) . Antagonism of L-type calcium channels by verapamil (30 µM) or the IP 3 R by xestospongin C (1 µM) at concentrations previously shown to block these channels (Howard et al. 2003) did not inhibit the dendrite-promoting activity of PCB 11 (Fig. 3b, c) . None of these experimental treatments altered the number of primary dendrites relative to vehicle controls (data not shown).
Recent studies have shown that physiological levels of ROS function as critical signaling molecules in dendritic growth (Chandrasekaran et al. 2015; Olguin-Albuerne and Moran 2017) . To investigate whether PCB 11-induced dendritic arborization is mediated by increased levels of intracellular ROS, neurons were exposed to PCB 11 in the absence or presence of one of two mechanistically and structurally distinct antioxidants, N-acetyl cysteine (NAC) or α-tocopherol. Neither NAC (100 µM) nor α-tocopherol (100 µM) significantly altered the number of dendritic tips (Fig. 3d, e) or the number of primary dendrites (data not shown) in cortical neurons exposed to PCB 11. 100 µM) ; or e the antioxidant α-tocopherol (100 µM). Data presented as the mean ± SD (n = 6 wells from two independent dissections). *Significantly different from vehicle control at p < 0.05 as determined using a parametric one-way ANOVA (p < 0.05) followed by HolmSidak's multiple comparisons test PCB 11-induced dendritic growth requires CREB activity CREB is a signaling molecule that is required for activitydependent dendritic growth in central neurons (Wayman et al. 2006) , and has been shown to be a downstream target of higher chlorinated, RyR active, PCBs (Wayman et al. 2012a) . To determine if PCB 11 promotes dendritic growth via CREB-dependent mechanisms, we tested whether PCB 11-induced dendritic growth was blocked by compound 666-15, a pharmacologic inhibitor of CREB signaling (Xie et al. 2015) . At 500 nM, compound 666-15 reduced the number of dendritic tips in PCB 11-exposed cultures to control levels (Fig. 4b) , but had no effect on the number of primary dendrites (data not shown). To confirm that the effects of 666-15 were specific to CREB, neurons were transfected with a shCREB construct or scrambled shRNA control one day prior to PCB 11 exposure. The dendritepromoting effects of PCB 11 were blocked in neurons transfected with shCREB but not altered in neurons transfected with the scrambled shRNA control (Fig. 4a, c) . Transfection with either shRNA construct had no effect on the number of primary dendrites in vehicle control or PCB 11-exposed neurons (data not shown).
Discussion
This study extends our previous work characterizing the effects of PCB 11 on neuronal morphology in vitro to address the mechanism(s) by which PCB 11 enhances dendritic arborization. More highly chlorinated legacy PCBs have been shown to mediate their biological effects via interaction with the AhR (White and Birnbaum 2009), RyR (Pessah et al. 2010) or THR (Zoeller 2007) . The major findings from this study suggest that the lightly chlorinated contemporary congener, PCB 11, phenocopies the effect of higher chlorinated legacy PCBs on dendritic arborization independent of interactions with the canonical receptor targets of the legacy PCBs. It has previously been reported that PCB 11 has no activity at the RyR (Holland et al. 2016) , and here we report that PCB 11 also has no activity at the AhR or THR. Consistent with these observations, pharmacologic antagonism of these three receptors did not significantly attenuate the increase in dendritic arborization triggered by PCB 11. In contrast, pharmacologic blockade or genetic knockdown of CREB abolished the effects of PCB 11 on dendritic arborization in primary cortical neurons, indicating that PCB 11 promotes dendritic growth through a CREB-mediated mechanism. We previously demonstrated that the NDL legacy congener, PCB 95, also promotes dendritic arborization via activation of CREB Fig. 4 Pharmacologic blockade and shRNA knockdown of CREB abolishes the dendrite-promoting effects of PCB 11. a Representative photomicrographs of DIV 9 cortical neurons transfected with shCREB or a scrambled shRNA and then exposed to PCB 11 (1 pM) for 48 h. b, c The number of dendritic tips per neuron, presented as the % change from vehicle control, was quantified in cortical neurons exposed to vehicle (0.1% DMSO) or varying concentrations of PCB 11 (b) in the absence or presence of the CREB blocker, compound 666-15 (500 nM) or c following transfection with shCREB or a scrambled (control) shRNA. Data presented as the mean ± SD (n = 6 wells from two independent dissections). *Significantly different from vehicle control at p < 0.05, # Significantly different from corresponding PCB 11 concentration at p < 0.05 as determined using a parametric one-way ANOVA (p < 0.05) followed by Holm-Sidak's multiple comparisons test (Wayman et al. 2012a) , suggesting that CREB may be a point of convergence for PCB-induced dendritic growth. However, the upstream targets of PCB 95 vs. PCB 11 diverge, with PCB 95 effects on CREB mediated by RyR sensitization (Wayman et al. 2012b) , and the PCB 11 activation of CREB mediated by upstream target(s) other than RyR.
The proximal molecular target(s) mediating PCB 11's effects on dendritic growth have yet to be identified. Results of a recent screening study confirm that PCB 11 lacks activity at the AhR and the THR, and further demonstrate that PCB 11 also lacks activity at the estrogen, androgen and glucocorticoid receptors at concentrations ≤ 1 µM (Takeuchi et al. 2017 ). An independent study replicated these findings, but also reported slight activity of PCB 11 at the constitutive androstane receptor (CAR), as indicated by increased CYP2B6 expression (Pencikova et al. 2018) . However, the EC 25 for this effect was 26 µM, which raises serious doubts regarding its relevance to PCB 11 effects on dendritic arborization. Another possible mechanism by which PCB 11 may promote dendritic growth is by increasing intracellular Ca 2+ concentrations. Our data show that PCB 11 is not acting through the major Ca 2+ ion channels implicated in dendritic growth, including the RyR, L-type Ca 2+ channels, or the IP 3 R. However, another lightly chlorinated congener, PCB 19, which has three chlorine substitutions, has been shown to briefly increase intracellular Ca 2+ levels prior to eventually inhibiting store-operated Ca 2+ entry (Choi et al. 2016 ). Similar to our findings, these effects of PCB 19 were independent of the IP 3 R. Other voltage-gated calcium channels, such as the N, P/Q, R and T channels, are also expressed in dendrites (Catterall 2011 ), but were not investigated in this study; therefore, we cannot rule out the possibility that Ca 2+ -dependent mechanisms mediate PCB 11 activation of CREB. However, CREB activity is regulated by multiple mechanisms other than increased intracellular Ca 2+ (Sakamoto et al. 2011) . Briefly, transducers of CREB regulatory activity (TORCs) assist in CREB-mediated transcription, multiple miRNAs translationally control CREB levels, and several posttranslational modifications such as acetylation, glycosylation, ubiquitination, and phosphorylation modulate CREB activity (Sakamoto et al. 2011) . Teasing out potential effects of PCB 11 on these diverse mechanisms for regulating CREB activity will provide mechanistic insight(s) of how PCB 11 induces dendritic growth.
Altered CREB signaling has been implicated in various NDDs (Bu et al. 2017; D'Andrea et al. 2015; Ngounou Wetie et al. 2015; Todd and Mack 2001) . Consistent with these clinical observations, PI3Kγ knockout mice exhibit increased CREB signaling coincident with an attention-deficit hyperactivity disorder phenotype (D'Andrea et al. 2015) , and transgenic mice expressing human mutations in CREBbinding protein exhibit increased repetitive behaviors, social deficits, and deficits in learning and memory ). These observations, together with clinical data identifying increased dendritic complexity and hyperconnectivity as a shared pathology of diverse NDDs (Alaerts et al. 2016; Copf 2016; Supekar et al. 2013) , heighten the concern that PCB 11 poses a threat to the developing human brain, particularly in individuals with heritable mutations that increase CREB signaling.
